At low ionic strength and with a low exogenous RNA polymerase/DNA ratio, rat liver chromatin directs the synthesis in vitro of RNA sequences rich in double-stranded segments. All the transcripts contain at least one double-stranded sequence. Most of the double-stranded segments are formed by intramolecular base-pairing of inverted complementary sequences separated by a single-stranded loop. They are heterogeneous in size, 35-45% of them being more than 80 nucleotides long. They contain 61-64% G+C, whether synthesized by rat liver RNA polymerase (form B) or Escherichia coli RNA polymerase. The largest double-stranded sequences are found in the largest transcripts, and are the most thermostable. The fidelity of base-matching is better in double-stranded transcripts synthesized on rat liver chromatin by homologous polymerase than in those synthesized on it by a bacterial polymerase, or in those synthesized by either ofthe two polymerases on pure DNA.
The transcription of chromatin in vitro by exogenous bacterial or eukaryotic RNA polymerase (EC 2.7.7.6) appears to mimic chromatin activity in vivo (Paul & Gilmour, 1968; Axel et al., 1973; Astrin, 1973; Gilmour &Paul, 1973; Shihetal., 1973) . This system provides an opportunity for studying the initial products of transcription in a eukaryotic organism. I have found (Pays, 1976 ) that the chromatin transcripts are particularly rich in dsRNA* sequences. Essentially two pieces of evidence were presented: (1) some sequences areresistant to RNAase A (EC 3.1.4.22) and RNAase TI (EC 3.1.4.8) in high-salt buffer, even after extensive DNAase (EC 3.1.4.5) treatment; (2) RNAase III (EC 3.1.4.24;  specific for dsRNA), but not RNAase H (EC 3.1.4.34; specific for RNA-DNA hybrids), can digest all of these resistant sequences. These results, however, did not allow us to distinguish whether the doublestranded sequences arise from symmetrical transcription of both strands of DNA, or from transcription of inverted complementary sequences (palindromes) in one DNA strand.
The percentage resistance to RNAase was higher in chromatin transcripts than in RNA molecules synthesized on pure DNA; it is higher with homologous rat liver RNA polymerase B than with Escherichia coil RNA polymerase (Pays, 1976 ).
These observations suggest that some specificity could be linked to the presence of dsRNA in the transcription products.
* Abbreviations: dsRNA, double-stranded RNA; RNAase, ribonuclease; DNAase, deoxyribonuclease. Vol. 165 Finally, like others (Jelinek & Darnell, 1972; Ryskov et al., 1972; Brinker et al., 1973) , I have found the same type of dsRNA sequences in heterogeneous nuclear RNA from rat liver.
I present here further characterization of these dsRNA sequences. It is suggested that most of them are formed by intramolecular base-pairing, rather than by hybridization of symmetrical sequences from different molecules; moreover, the complementary sequences seem to be separated by a single-stranded piece. The stability of dsRNA molecules of different sizes or origins is also detailed, with special emphasis on the comparison between transcripts by homologous or bacterial RNA polymerase.
Methods

Purification and synthesis
Purification ofrat liver chromatin and its transcription in low-salt buffer [5mM-(NH4)2SO4] were performed as described by Pays (1976) . Chromatin was not sheared and was not stored longer than 24h at 4°C. RNA polymerase B from rat liver, and RNA polymerase from E. coli (holoenzyme), were extracted and purified as described (Pays & Ronsse, 1973) . E. coli RNA polymerase was about 80% pure, as revealed by slab-gel electrophoresis in denaturing conditions (Burgess, 1969 (Pays & Ronsse, 1973) to inhibit enzymic activity occurring in the absence of exogenous template. The enzyme/DNA ratio was about 1:10 (w/w) in the reaction mixture, which contained 10,g of DNA/0.5ml. The RNA remained fully trichloroacetic acid-precipitable for at least 8h in the incubation medium with chromatin at 37°C; no RNAase activity was thus detectable within this period.
RNA was isolated from the synthesizing system in vitro by extensive proteinase digestions and phenol/chloroform extractions as described previously (Pays, 1976) . It could be completely hydrolysed in 0.3M-KOH in 3h at 37°C. Centrifugation in Cs2SO4 gradients was performed as described previously (Pays, 1976) to ensure the absence of residual DNA after the drastic DNAase treatment included in the purification procedure. RNA was never self-annealed before its analysis.
Analysis of resistance to RNAase
RNAase resistance was measured by incubation of RNA in 0.3M-NaCI/lOmM-EDTA/lOmM-Tris/HCI (pH8) for 2h at 37°C in the presence of 100,ug of RNAase A/ml and 150ngofRNAaseTl /ml (RNAases were from Sigma, St. Louis, MO, U.S.A.). Residual trichloroacetic acid-precipitable RNA was considered as double-stranded (Pays, 1976) . Complete hydrolysis by RNAases was obtained by incubation in low-salt buffer.
Purification ofdsRNA sequences Total RNA was incubated in high-salt buffer with RNAases as described above, or with Aspergillus nuclease S1 (EC 3.1.4.-) under conditions already defined (Pays & Ronsse, 1975) 
Base-composition analysis
The base composition of RNA was determined by elution with a linear 0-0.17M-HCl gradient of a column (45 x 1cm) of AG1 resin (X2; Cl-form), after acid hydrolysis (in 1 M-HC104) for 48h at 37°C. Under these conditions, no significant 3H exchange with water was observed (Evans et al., 1970) . Similar results were obtained by performing alkaline hydrolysis (in 0.5 M-KOH for 15h at 30°C).
Hydroxyapatitefractionation
Hydroxyapatite (DNA grade; from Bio-Rad Laboratories, Richmond, CA, U.S.A.) was washed by decanting in 10mM-sodium phosphate buffer, pH6.8, and 0.5ml of wet paste was poured into 3ml syringes stoppered with a disc of GF/C glass-fibre filter. RNA (1 ml in 10mM-sodium phosphate) was passed under pressure through the column, then rinsed with 2ml of 10mM-sodium phosphate. Release of single-stranded sequences was achieved by elution with three 2ml portions of 0.12M-sodium phosphate; double-stranded sequences were collected by elution with three 0.5 ml portions of 0.4M-sodium phosphate. Unless stated otherwise, the temperature of elution was 50°C. The fractions, adjusted to 2ml with water, were counted for radioactivity in vials containing 18ml of 33% (v/v) Triton X-100 in Omnifluor (4g/litre of toluene; from New England Nuclear Corp., Boston, MA, U.S.A.). With this procedure, quenching was identical in all fractions.
Polyacrylamide-gel electrophoresis
Electrophoresis of RNA was performed by the method of Loening (1967) in 10% (w/v) acrylamide gels with 0.2% sodium dodecyl sulphate. Gels were 9.4cm long, with an upper 2.7% (w/v) acrylamide gel, 0.5cm long. Electrophoresis was continued for 4h at 25°C at 6mA/tube. Bromophenol Blue and 4S and 5S bacterial RNA were used as markers. Gel slices (about 2mm in length) were dissolved and counted for radioactivity in 5 % Soluene (from Packard, Downers Grove, IL, U.S.A.) in Omnifluor.
Sephadex chromatography
RNA, in 0.5ml of 0.3M-NaCl/lOmM-EDTA/ 10mM-Tris/HCl (pH8), was fractionated by elution on a column (75cmx 1cm) of Sephadex G-100 at a rate of 15ml/h; 1.5ml fractions were collected. The radioactivity of each fraction was determined for 50ul samples in 33 % Triton X-100 in Omnifluor.
Results
Base composition
The dsRNA pieces synthesized in vitro by rat liver RNA polymerase B on chromatin were rich in cytidine (Pays, 1976 .9 % GMP. The dsRNA molecules synthesized on chromatin by the two polymerases thus exhibit the same base composition, although total RNA transcripts seem to be different in the two cases (in particular, transcripts by E. coli polymerase are poorer in adenine).
A largefraction ofthe transcripts contains one doublestranded sequence Chromatin transcripts were analysed for their content of double-stranded sequences by two methods, namely elution on hydroxyapatite or RNAase treatment in high salt (see the Methods section). Provided that the transcripts were not heated above 50°C, about 70 % of all molecules were bound to hydroxyapatite in 0.12M-sodium phosphate buffer as if they were double-stranded. However, this fraction was only 30% resistant to RNAase in high salt, indicating that it contained only 30% dsRNA; the sequences sensitive to ribonuclease treatment (70 %) are probably covalently linked to the double-stranded segments. However, the fraction not bound to hydroxyapatite in 0.12M-sodium phosphate (30% of total RNA) also showed significant resistance (20%) to RNAase in high salt, and thus also contained dsRNA. The reason why these dsRNA sequences did not bind to hydroxyapatite seems to be their small size. Indeed, analysis on 10 % (w/v) polyacrylamide gels revealed that this fraction contained only sequences smaller than the 4S tRNA marker, with dsRNA fragments of less than 20 nucleotides (E. Pays, unpublished work). One can thus assume that the majority of the RNA molecules synthesized in vitro on chromatin contain a doublestranded sequence. assayed for resistance to RNAase digestion in high salt after thermal denaturation in 10mM-EDTA/ 10mM-Tris/HCl (pH8) (Fig. 1, curve 2, o) . In contrast, the denaturation of whole RNA molecules, measured by resistance to RNAase after heating in the same way, appeared to be slower and incomplete (about 50 % at 100°C) (Fig. 1, curve 3 (1) If RNA is heated at 80 or 100°C, then quickly cooled to 50°C and chromatographed on hydroxyapatite (see the Methods section), I observed only a 20% decrease in RNA binding to the column in 0.12M-sodium phosphate (Fig. 1, points labelled 4,  o) . By contrast, when elution on hydroxyapatite is performed at 80 or 100°C, the large majority of the RNA molecules do not bind to the column in 0.12M-phosphate (Fig. 1, curve 1) . This confirms that all the dsRNA sequences are effectively denatured at 100°C in low-salt buffer, but 80% of it can readily reanneal on cooling, as indicated by its binding to hydroxyapatite at 50°C. Since this effect is totally independent of the RNA concentration, it seems that the renaturation of a large fraction of the double-stranded pieces in whole transcripts follows first-order kinetics, as would be expected if these segments are in the same molecule.
(2) The electrophoretic mobility ofpurified dsRNA sequences changes markedly after denaturation (60°C in 75 %, v/v, formamide) (Fig. 2a) , but under the same conditions of heating, whole transcripts (untreated by RNAase in high salt) remain exactly at the same place in the gel (Fig. 2b) . Moreover, after heating of the whole molecules at 60°C in 75% formamide, a large fraction of total dsRNA sequences can be purified, and migrate in the gel as does unheated dsRNA (Fig. 2c) . This means that in intact molecules the large majority of dsRNA complementary strands remain linked together even in the conditions of denaturation of dsRNA, and can be rapidlyrenatured.
In contrast with these observations, I obtained only a maximum of 9 % renaturation of whole transcripts when measuring it by RNAase resistance in high salt after heating at 80 or 100°C for 5min in 40% (v/v) formamide, followed by annealing for 5min or more in 0.3M-NaCI/40y% formamide at 37 or 50°C
[the denaturation percentage of whole transcripts was 58 % before annealing, and 49 % after annealing at a maximum Rot (mol of nucleotides x time of annealing) of about 10-5M s]. Only 15.5% of the denaturated sequences can thus quickly recover their resistance to RNAase in high salt after 'melting'. The reasons for this discrepancy are considered in part 4 of the Dicussion section.
Thermal stability of dsRNA sequences is sizedependent
The dsRNA sequences of chromatin transcripts are fractionated in Sephadex G-100 in high salt, but are excluded from the same column in water (Fig. 3) . They thus appear to be in a more compact configuration in high salt. Under these conditions, 35-45 % of them appear to be larger than the 4S tRNA marker (Fig. 3b) . Similar results were obtained by electrophoresis on 10% (w/v) polyacrylamide gels (results not shown here; but see Fig. 7 ).
We have isolated on Sephadex G-100 different dsRNA subfractions, the denaturation properties of which were analysed separately. The thermal stability of the double-stranded pieces is size-dependent; the Tm is higher for the larger dsRNA sequences (Fig. 4) Elution of dsRNA (U) on Sephadex G-100 was as described in the Methods section. RNA sequences. This size-dependence suggests that some relationship exists between the size of whole molecules and that of their double-stranded pieces. This was verified by size analysis on polyacrylamide gels of the dsRNA molecules isolated from thefractionated whole transcripts (Fig. 7) . It was found that not only the size, but also the proportion of dsRNA, is proportional to the size of the whole transcripts. For the transcripts synthesized by rat liver polymerase, the proportion of dsRNA varied from 50.6% for the largest RNA pieces, to 16.3% for the smallest, whereas the corresponding values for transcripts by E. coli polymerase were 34.1 and 5A% (Fig. 5) . Comparison of the stability of dsRNA sequences synthesized by either rat liver or E. coli RNA polymerase Chromatin transcripts by rat liver RNA polymerase contain a greater proportion of doublestranded segments than do those synthesized by a bacterial polymerase (Fig. 5) . Moreover, it seems that the dsRNA sequences synthesized by the rat liver enzyme are more stable than the bacterial ones, as indicated by differences in their resistance to RNAase degradation as a function of either temperature (Fig.  8) or salt concentration of the medium (Fig. 9) . The 'melting' temperature of dsRNA synthesized by the rat liver polymerase is 5-10°C higher than that of dsRNA synthesized by E. coli polymerase, for similar RNA size and base composition. The salt concentration needed for stabilization of dsRNA synthesized by the rat liver polymerase is 0.32-0.34M-NaCI, whereas it is 0.40-0.50M-NaCl for transcripts by bacterial polymerase.
The stabilization by salt appears to be independent of the size of RNA, but it is not the case for the 'melting' temperature. This could indicate that the differences in Tm between different size classes of dsRNA species are not only due to different extents of mismatching as a function of size, but rather that the minimal stable length of RNA duplexes (versus temperature) could be significantly more than 20 base-pairs (Walker, 1969) .
When similar investigations were carried out on RNA synthesized on pure DNA, we found the same Tm and salt concentration needed for stabilization of dsRNA transcripts by either rat liver or E. coli RNA polymerase (results not shown). The NaCl concentration needed for stabilization ofdsRNA synthesized on pure DNA was 0.38-0.48M, as for dsRNA synthesized on chromatin by E. coli polymerase, but higher than that measured for chromatin transcripts by liver polymerase (0.32M-NaCl).
Discussion
(1) The synthesis of RNA in vitro was performed under conditions limiting elongation of RNA chains while optimizing initiation specificity (low RNA polymerase/DNA ratio; low ionic strength; unsheared template) (Cox, 1973; Story & Wheldrake, 1975; Tsai et al., 1975) . The short RNA sequences obtained under these conditions could be preferentially transcribed on palindromic DNA sequences, since they are particularly rich in double-stranded 'hairpins'. This could be compared with the results of Shen & Hearst (1976) , showing the presence of palindromes in or near promoter sites for RNA polymerase in the DNA of bacteriophage fd. Purified dsRNA sequences were fractionated according to their size as described for Fig. 3 . Fractions 16-21 and 26-31 were pooled as fractions a and b respectively, and denatured as described for Fig. 4 . The Tm is indicated by one arrow.
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transcripts than in RNA synthesized on DNA, and with homologous RNA polymerase than with bacterial, some specificity could be associated with their presence in the initial transcription products. Moreover, we found reproducibly that the dsRNA sequences synthesized on chromatin by the homologous RNA polymerase are more stable than those synthesized by E. coli polymerase on chromatin, or those synthesized on pure DNA by either of the two polymerases. This was observed in homogeneous fractions of about the same size and base composition, and with RNA polymerases prepared freshly or stored for different periods of time. The most plausible explanation is that dsRNA synthesized on chromatin by the homologous RNA polymerase is less mismatched than the other dsRNA preparations. Tuffet & Huguet (1975) noted that dsRNA molecules in transcripts of wheat DNA by E. coli RNA polymerase are only stabilized in 0.5M-NaCI, as in my experiments with rat DNA. Moreover, Crain & Saunders (1976) (----) . The same kind of result was obtained when assaying stabilization by salt in homogeneous fractions of purified dsRNA sequences fractionated as described for Fig. 3 , although in this case the difference between (a) and (b) was always smaller.
complementary strands of dsRNA, since a significant fraction of dsRNA can readily reanneal after 'melting'. There are, however, discrepancies between the extents of renaturation measured by the two methods that we have used. On hydroxyapatite, the extent of reannealing was estimated to be about 80 % (Fig. 1, points labelled 4) , but it was about 50 % when measured by resistance to RNAase digestion in high salt (Fig. 1, curve 3) . However, by using the last method of measurement, no extensive renaturation (maximum 15.5%) was observed in the denatured fraction of whole transcripts, even after prolonged incubation. This suggests either that some of the complementary sequences could be easily separated after heating, or that the intermediary piece might be sufficiently long to prevent a rapid renaturation of a fraction of dsRNA. It could also be supposed that during a rapid renaturation, extensive mismatching of base-pairs occurs (Darzynkiewicz et al., 1975) , so that the extent of renaturation appears to be different when either the 'RNAase' or the 'hydroxyapatite' method is used for measuring the proportion of double strand.
(5) 'Melting' of dsRNA was found to be sizedependent, but stabilization by salt appears to be independent of size. In view of the latter observation, it is unlikely that some differential mismatching of base-pairs as a function of RNA size could alone explain the differential thermal stability of dsRNA as a function of its size. Since the smallest and largest dsRNA subfractions have a similar base composition, we conclude that the size-dependence of Tm, for dsRNA synthesized in vitro, could be abolished for sequences longer than the minimal stable length estimated for double-stranded DNA (about 20 nucleotides; Walker, 1969) . Concerning this point, the thermal stability of commercially available short oligonucleotides is far below what has been observed with the short duplexes in naturally occurring RNA species (Gralla & Crothers, 1973a,b) . Doublestranded sequences synthesized in vitro, whether free or not of the relatively short neighbouring single strands, could thus be less stabilized than similar sequences in 'natural' RNA species.
(6) The length of dsRNA sequences increases with the size of the whole transcripts. This observation is at present difficult to explain, but could be expected if some long complementary sequences are separated by a long intermediary single-stranded segment; then the longer the transcript is, the greater will be the proportion ofdsRNA and its size in the transcript. This observation could be better explained by assuming that dsRNA arises from symmetrical transcription of both strands of DNA. However, results presented above (Figs. 1 and 2 ) strongly suggest that dsRNA is intramolecularly base-paired.
(7) The huge amount and (G+C)-rich base composition of double-stranded sequences in chromatin transcripts suggest analogy with rRNA. It is, however, improbable that rRNA or tRNA are synthesized on the chromatin under the present conditions with purified nucleoplasmic RNA polymerase B, since this 1977 RNA synthesis in vitro is inhibited by about 95% with 0.1,g of a-amanitin/ml, a specific inhibitor of nucleoplasmic RNA polymerase. Endogenous RNA polymerase activity of chromatin (which is only about 50% inhibited by a-amanitin) represents no more than 13 % of total RNA synthesis, and does not result in the production of double-stranded sequences (Pays, 1976) . However, the possibility that rRNA or tRNA are preferentially synthesized at low ionic strength by RNA polymerase B on chromatin in vitro cannot be completely ruled out.
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